Badgers are facultatively social, forming large groups at high density. Group-living appears to have high reproductive costs for females, and may lead to increased levels of inbreeding. The extent of female competition for reproduction has been estimated from field data, but knowledge of male reproductive success and the extent of extra-group paternity remains limited. Combining field data with genetic data (16 microsatellite loci), we studied the mating system of 10 badger social groups across 14 years in a high-density population. From 923 badgers, including 425 cubs, we were able to assign maternity to 307 cubs, with both parents assigned to 199 cubs (47%) with 80% confidence, and 14% with 95% confidence. Age had a significant effect on the probability of reproduction, seemingly as a result of a deficit of individuals aged two years and greater than eight years attaining parentage. We estimate that approximately 30% of the female population successfully reproduced in any given year, with a similar proportion of the male population gaining paternity across the same area. While it was known there was a cost to female reproduction in high density populations, it appears that males suffer similar, but not greater, costs. Roughly half of assigned paternity was attributed to extra-group males, the majority of which were from neighbouring social groups. Few successful matings occurred between individuals born in the same social group (22%). The high rate of extra-group mating, previously unquantified, may help reduce inbreeding, potentially making philopatry a less costly strategy.
Introduction
Badgers are solitary throughout most of their range, with males defending a territory that overlaps one or more females (Kruuk & Parish 1982; . However, in southern England, badgers occur at high densities, and in these areas form large social groups of up to 27 individuals (Kruuk 1978; Rogers et al . 1997) . Such high density populations are primarily associated with pastoral landscapes, and it appears likely that groupliving in badgers is a recent phenomenon (Cresswell et al . 1989; Kruuk 1989) . Group-living is rare in mustelids (Johnson et al . 2000) , and so obtaining a better understanding of the mating system of social badgers may provide insights into factors that promote the evolution of social behaviour.
The majority of social groups form through the delayed dispersal of offspring (Emlen 1984) , and this appears to be the case for badgers (Kruuk & Parish 1982; Cheeseman et al . 1987; da Silva et al . 1994) . Therefore, to begin to understand social grouping we need to assess the costs and benefits of delayed dispersal by sexually mature individuals (Emlen 1984; Hatchwell & Komdeur 2000) . Reasons for delaying dispersal are generally thought to be a combination of life history traits and ecological constraints (Emlen 1984; Arnold & Owens 1998; Hatchwell & Komdeur 2000) . Badgers form social groups only at high density, making it likely that habitat saturation influences decisions to delay dispersal.
Benefits from group interactions are also thought to be an important factor in selection for group formation (e.g. group hunting, Blundell et al . 2002; group vigilance, Clutton-Brock et al . 1999) . The benefits of group living for badgers remain unclear, particularly as group size appears to have no influence on reproductive success once territory quality is taken into account (Woodroffe & Macdonald 2000) . However, it is thought that the ecological costs to group living in badgers may also be limited (Kruuk & Parish 1982; Johnson et al . 2001) . In southern England, badgers feed primarily on earthworms, which are distributed in patches. A territory needs to contain several patches of earthworms, and in doing so appears to provide sufficient food for more than the breeding pair (Kruuk 1989) . This has led to the formulation of the resource dispersion hypothesis to explain group living in badgers and other animals (Kruuk & Parish 1982; Macdonald 1983; Carr & Macdonald 1986; Johnson et al . 2002 ; but see Revilla 2003) . That environmental mechanisms are the proximate cause of social structure variation has also been proposed for canids (Geffen et al . 1996) and other mammals ( Wrangham et al . 1993) .
Determining reproductive success in the high-density badger populations of southern England is challenging for several reasons. If mothers cannot be assigned a priori (e.g. through the use of lactation data), there are large numbers of female candidates. Also, because of philopatry, it is likely that the candidate mothers include relatives to the cub, further reducing the power and confidence in assignment ( Jones & Ardren 2003) . There are also many candidate fathers, as not only are females in contact with males of the same group, but both sexes are also known to visit neighbouring setts, providing opportunities for extra-group mating. (Evans et al . 1989; da Silva et al . 1994; Rogers et al . 1998) .
The general picture of badger social groups at high density is one of limited dispersal between social groups (Neal & Cheeseman 1996; Rogers et al . 1998) , male-biased dispersal (Rogers et al . 1998) , delayed dispersal with preferential recruitment of offspring to their social group (Kruuk & Parish 1982; Cheeseman et al . 1987; da Silva et al . 1994 ) and a reproductive dominance hierarchy within social groups that may vary between years (Kruuk 1989; Cresswell et al . 1992; . The influence of social groups on male reproductive success remains poorly known, and while extra-group mating has been inferred in earlier genetic studies (Evans et al . 1989; da Silva et al . 1994; Domingo-Roura et al . 2003) , the extent to which this occurs is unknown. Here, we investigate the mating strategies of badgers at high density by obtaining microsatellite DNA profiles for badgers from a well-studied population. In this initial paper we ask: does multiple paternity occur in litters? What proportion of the population breeds? Does age influence reproductive success? How frequent is extra-group mating?
Materials and methods

Study site and sample collection
Woodchester Park is located on the Cotswold limestone escarpment in Gloucestershire, southwest England. The study area of approximately 11 km 2 , consists of a central steep-sided wooded valley surrounded by farmland. The badger population at Woodchester Park has one of the highest recorded densities (over 25 adults per km 2 ), and is the site of an ongoing mark-recapture study initiated in 1976 (Cheeseman et al . 1987; Rogers et al . 1997) . Twenty-one to 25 social groups within the site have been intensively studied over the last 14 years (Rogers et al . 1997; . In 1993 the population consisted of 27% cubs, of equal sex ratio, but becoming increasingly female-biased with age (Rogers et al . 1997) . For many individuals, birth and death dates were known, and the reproductive status of females was recorded at capture. Previous demographic analyses of this population found that, as in other high density badger populations, social group size was large (mean 8.8 in 1993; Rogers et al . 1997 ) and the reproductive success of females was low (only 10% − 42% of females bred, Rogers et al . 1997) .
In this paper we focused on the cubs from 10 social groups and adults from 26 social groups, observed during 1989 -2002 (Fig. 1) . Each of these social groups is trapped four times a year, for two consecutive nights on each occasion. Traps were located on or near badger 'runs' at the active setts in each territory. Trapped badgers were anaesthetized using either ketamine hydrochloride (Vetelar: 20 mg/kg) (MacKintosh et al . 1976 ) or a combination of ketamine, butorphanol and medetomidine (de Leeuw et al . 2004 ). The sex, age class (adult, 1-year-old, cub), location of capture, Fig. 1 Badger social group boundaries at Woodchester Park, as mapped in 1999. Paternity and maternity were determined for cubs from the 10 social groups shaded grey. Arrows represent paternity from outside the cubs' social group assigned with 80% confidence. The thickness of the arrow is proportional to the number of paternities over the 14-year period studied. body weight and length and reproductive status were recorded for each individual at each capture. On first capture, each badger was given a unique identifying tattoo and either a blood sample or guard hairs were taken. Blood samples were stored in heparin buffer at − 20 ° C. Hair samples (collected since 1997) were either stored in 80% ethanol or kept at − 20 ° C.
The configuration of badger social group territories was established each year using bait-marking during the peak of territorial activity in spring (Kruuk 1978; . As population density has increased in the study area (Rogers et al . 1999) , there have been some changes to badger social groups. Increases in badger density resulted in a decrease in the overlap of territories, but the locations remained fairly stable. The number of core social groups has increased over time from 21 until 1989, 22 in 1990, 23 in 1995, 24 in 1996 and 25 in 1997-2002 . Territory sizes did not increase; rather in all four cases, two new territories occupied the same approximate area as the previous single territory. These fissions of territories did not take place in the 10 social groups from which we have analysed cubs. All calculations were based on the 1999 territory configuration and include an additional social group from outside the core area, leading to a total of 26 social groups from which candidate male parents were sampled.
Sample decontamination and DNA extraction
Genomic DNA was extracted from blood using a slight variation of the phenol:chloroform:isoamyl alcohol method (Sambrook et al . 1989) . Bovine tuberculosis ( Mycobacterium bovis ) is endemic in British badgers and can cause serious disease in humans. Therefore, to reduce the potential health risks, the transfer of blood samples to extraction buffer was performed in a level 3 containment laboratory (Advisory Committee on Dangerous Pathogens et al. 1995) . To disinfect the bacteria, blood samples were incubated at 95 ° C for 30 min (Lauzardo & Rubin 2000) , after the proteinase K digestion in our extraction protocol. Hair samples were either stored in 80% ethanol or transferred to 80% ethanol in a level 3 containment laboratory. This concentration of ethanol will disinfect M. bovis after several hours (Lauzardo & Rubin 2000) . DNA was extracted from hair samples using Chelex 100 resin (Walsh et al . 1991) . For each individual we extracted a minimum of 10 hair follicles with visible roots.
Genotyping
From the 34 polymorphic microsatellite loci isolated in the Eurasian badger (Carpenter et al . 2003 (Mel101, 102, 103, 105, 106, 107, 109, 111, 113, 114, 116, 117) or 2.5 m m MgCl 2 (Mel104, 108, 110, 112, 115) . PCR amplification was carried out in a Hybaid TouchDown  thermal cycler (Thermo Hybaid) using a touchdown program for all except two loci. The PCR conditions were 5 min at 95 ° C followed by 34 cycles of 15 s at 94 ° C, 20 s at 64 ° C − 50 ° C (temperature dropping by 2 ° C every two cycles with 20 cycles at 50 ° C) and 30 s at 72 ° C followed by a final extension stage of 10 min at 72 ° C. Loci Mel 114 and Mel 117 were amplified with a single annealing temperature of 57 ° C during all 34 cycles. Fluorescent PCR products were mixed to create two sets of multiplex loading groups. The samples were run on a 10% denaturing polyacrylamide gel in the ABI PRISM 377 DNA Sequencer. genescan 3.1 and genotyper 2.5 software (Applied Biosystems), were used to size alleles based on a size standard with bands at least every 50 bp (D. Paetkau, unpublished) .
Mendelian inheritance of the loci used in this paper was confirmed using a set of captive individuals with a known pedigree ( n = 11, E. Rafart unpublished data). Deviations from Hardy-Weinberg equilibrium (HWE) and linkage equilibrium between loci were tested by a Markov chain method (1000 dememorizations, 50 batches, 1000 iterations) with the program genepop 3.3 (Raymond & Rousset 1995) . This test was performed on individuals known to be alive in 1999, and for adults and cubs separately to reduce multigenerational effects. To determine how much power we had to distinguish between individuals, we used the program gimlet (Valiere 2002) to determine PI sib (Evett & Weir 1998; Woods et al . 1999; Waits et al . 2001) . PI sib is the probability that two siblings drawn at random from the population will have identical multilocus genotypes. This provides a conservative upper bound for the probability of observing two identical individuals sampled from a population, as the observed probability of identity is often higher than theoretically expected in natural populations (Waits et al . 2001) .
Parentage analyses
We used a likelihood-based approach to determine parentage using the program cervus 2.0 (Marshall et al . 1998 ). As no parent was known, the power to assign parents using the entire population as a candidate pool was low. We therefore used mark-recapture information to define our candidate parents based on the following rules. Initially, we assigned maternity. Females were considered to be candidate mothers if they were defined as reproductive (see below) and were assigned to the same social group as the cub in the year of birth. All males were considered to be candidate fathers if they were defined as potentially reproductive in the year before the cub was born because females conceive nearly one year before they give birth resulting from delayed embryo implantation (Cresswell et al . 1992) . The last year of reproduction was defined as either the year a badger was found dead, or 3 years after the last recorded live observation by capture. Three years was chosen because 95% of intervals within trap records for individuals were less than 3 years in length. A previous study has shown that, in a given year, a significant number of badgers at Woodchester Park were trap 'shy' (Tuyttens et al . 1999) . However, the majority of animals trapped only once before being subsequently found dead were also found within three years (63/69 = 91%), and so the 3-year rule was applied irrespective of the number of captures. The first year of potential reproduction was defined as the birth year plus one, or the first year of capture if caught as an adult. In this paper we assumed that one-year-old animals did not breed (i.e. 1-year-old males are able to impregnate 1-year-old females, but both will then be 2 years old when the cub is born). Other studies have found that most females do not ovulate in their first year (Ahnlund 1980; Cresswell et al . 1992; Rogers et al . 1997) . Individuals were assigned to a social group if they were caught within the territory of that group. In years where individuals were not caught, but were thought to be reproductive based on the above rules, badgers were assigned to a social group based on where they were caught in adjacent years. Badgers were assigned to multiple groups if the group where they were caught differed between these years (e.g. if in 1989, an animal was caught in social group A, and in 1992 it was caught in social groups C and E, in the intervening period it was assigned to groups A, C and E).
Parentage assignment was then performed in three stages. First, mothers were assigned, and then fathers, and finally where a father was assigned without a mother, the assignment analysis for mothers was repeated with the male as a known parent. In order to assign parents, we used simulations to determine the critical value of delta [the LOD (logarithmic odds) difference between the best, and the next best parent] that we would accept. The mean number of candidate females based on the above rules was 11 (ranging from one to 25). The average percentage of reproductive females genotyped was 80%. We increased this by excluding cubs where less than 60% of potential mothers had been genotyped. For males, the mean number of candidates per year was 162, with an average of 72% genotyped. These values were used in simulations in cervus to determine the critical delta, the difference in LOD scores between the most likely and second most likely candidate needed to give us our required level of confidence. There was a high likelihood that there were relatives present among the candidate parents. In our simulations, we therefore also included the presence of a single relative, related to the offspring by 0.25. It is possible that the average number of relatives per social group was higher than this, and that first order relatives were present. A more accurate estimate of this number in the future would provide more accurate parentage analysis. We determined allele frequencies based on a pooled data set across the 14 years studied. Candidates were genotyped for at least eight loci. Genotyping was 87% complete. We used this value for our simulations and an error rate of 0.01. The error rate was estimated by regenotyping a subset of the samples. We analysed parentage with 80% confidence in the presence of a single relative, and performed a second, more stringent, analysis using data with 95% confidence, but without the presence of a relative. Simulations predicted that only 13% of offspring could be assigned parentage with 95% confidence in the presence of a relative, providing us with insufficient data to test our hypotheses. Unless indicated, the results presented are those from the analysis using 80% confidence in the presence of a relative.
Once mothers were assigned, we defined 'litters' as cubs assigned to the same female in the same year. From these litters we determined the rate of multiple paternity based on both 80% and 95% confident assignments. The number of females breeding per social group was determined both for social groups where all cubs were assigned a mother, and social groups with only partial assignment of maternity to cubs. The number of males breeding per social group was determined for social groups with partial assignment of cubs.
We estimate the proportion of male and female breeders in the population based on the known number of cubs, the number of parents assigned to genotyped cubs and the number of candidates. We assumed the potential number of female badgers breeding in a given year to be the same as the number of female candidates (except that females were included only once in a given year). This may be an overestimate as a result of the inclusion of individuals for three years after 'final' capture, and so may overestimate the number of nonbreeders. Male candidates were taken from 26 social groups, whereas cubs were genotyped from only 10 social groups. We therefore separately considered the number of candidate males both as (i) the number of candidates from 26 social groups, and (ii) the number from the 10 focal social groups.
We tested for an influence of age on reproduction using data based on parentage assignments made with at least 80% confidence. Analyses were performed separately for males and females. To make the results for males and females more comparable, we included only males from the 10 core social groups, rather than the entire study site as was used in paternity assignment. This subsample accounted for 89% of the males that were assigned paternity. Genotyping of this subset of males was also more complete (80% vs. 72%), similar to that of females (80%). However, the mean number of cubs for males and females was still not directly comparable as maternity was assigned to 72% of cubs but paternity was assigned to only 47%. The number of cubs attributed to a parent was first modelled as a Poisson-distributed response (using a log link) by age alone, where age was considered to be a categorical variable (with eight levels, from 2 years to = 9 years) within a generalized linear model (GLM). Individuals of 9 years and older were pooled as a result of the small sample size. In order to account for any possible bias introduced by between-subject variation, the analysis was repeated as above within a GLMM (generalized linear mixed model) but including in addition 'individual adult badger' as a random effect. These analyses were performed in genstat for Windows, 6th Edition (VSN International Ltd, Hemel Hempstead, UK).
The rate of extra-group paternity was determined by comparing the mother's social group with that of the assigned father in the year of conception. We considered both the entire data set as well as a subset of the data where both parents were actually captured in the year of conception, rather than having their social group inferred. The average 'mating dispersal' was based on the distance between main setts in the respective social groups, both including and excluding same group matings. Where the information was available, the natal social groups of assigned parents were compared to determine the rate of matings between individuals born in the same social group.
Results
Seventeen loci were used to genotype 923 badgers trapped over 14 years at Woodchester Park. Exact tests for HWE and linkage were performed on adults and cubs separately, for individuals known to be alive in 1999. Three loci showed significant departure from HWE in the adult population, the rest were in HWE after correcting for multiple tests (Rice 1989 ) (adults; k = 17, alpha = 0.01, P = 0.003 -0.841). Only one of the three loci also showed departure from HWE in juveniles. We therefore excluded this locus, Mel116, from our analyses. Mel110 and Mel113 departed significantly from linkage equilibrium in adults and Mel110 and Mel111 departed significantly in juveniles however, no pairs of loci were found to be consistently in disequilibrium. All other locus pairs were in linkage equilibrium after Bonferroni correction (adults; k = 136, alpha = 0.05; P = 0.0015 -0.98). The probability of identity of siblings (PI sib ) combined across 16 loci was 0.000008. The highest probability of drawing two matching siblings at random from the population was 0.0148.
Based on the simulation of 11 individuals with 80% sampled, we chose a critical delta of 0.71, representing 80% confidence in the presence of one relative (Table 1 ). For males, based on the simulation of 162 candidates in the presence of one relative, we used a critical delta value of 1.00 where a mother had been assigned and 1.68 where neither parent was known. Where a father was assigned without a known mother (delta > 1.68), a mother was then assigned if delta was greater than 0.00 (80% confidence, one parent known, 11 individuals with 80% sampled, one relative; Table 1 ). These values give us at least 80% confidence if one half-sibling is present among the candidate males, less if more relatives are present, and greater if no relatives are present.
In total, 425 offspring from 10 social groups were used in the parentage analysis. Maternity was assigned to 307 cubs (72%) with 80% confidence (Table 1) . For the majority of cubs (413; 97%) the best candidate mother had a positive LOD score, suggesting that the rate of assignment was limited by common alleles or the presence of relatives. Data on lactation status of females showed that 91% of maternal assignments were to females known to have lactated. Paternity was assigned to 202 cubs (47%), 22 without a mother, with a mother then assigned to an additional 19 The number of female candidates was simulated as 11, the number of male candidates 162 (the mean number of candidates tested). Assignments with greater than 80% confidence were determined in the presence of one relative, related to the offspring by 0.25. Assignments with greater than 95% confidence did not include the presence of a relative, as the number of parentage assignments became too low to test any hypotheses. The delta LOD values were those required when neither parent was known, followed by the value required when one parent was known, to give the required level of confidence. The expected percentage of assignment from simulations (E), is given where neither parent was known, E 0 , followed by where one parent is known, E 1 . The rate of assignment for both parents is approximated from these values.
cubs (total maternity 326; 77%). Both maternity and paternity were assigned to 199 cubs (47%). For our more stringent analysis, a total of 58 cubs were assigned both parents with 95% confidence (Table 1) . Our rates of assignment were consistently lower than those expected from the simulations. This may indicate the presence of a greater number of relatives, higher error rate or lower proportion of candidates sampled than simulated.
Multiple paternity
From the 326 maternity assignments, 75 'litters' of more than one cub could be defined. The average assigned litter size was 1.46 (range one to six; one to four with 95% confidence). More than one cub was assigned a father in 38 of these litters. Of these, nine litters were assigned only one father and 29 more than one father. However, this estimate of multiple paternity will be inflated because of our use of only 80% confidence. Only 39 litters were assigned with 95% confidence, and in the seven litters of greater than two cubs, none were assigned paternity. In the 31 litters of two cubs, one litter had two different fathers assigned, four litters had both cubs assigned the same father and 12 litters had only one cub assigned a father. By considering the LOD score of the male assigned paternity to one cub, we determined that in four cases this male had a negative LOD score for the second cub (−3.3 to -0.51), indicating it was unlikely to be the father. Based on this result, five of 31 litters suggested multiple paternity (16%).
Number of breeding females and males per social group
More than two cubs were assigned a mother for 59 social group years. In 20 of these cases, all cubs were assigned a mother. For 41 social-group-years (70%) the number of cubs was greater than the number of mothers, indicating that there was uneven reproductive success among breeding females per year. The maximum number of females thought to be mothering cubs was six with 80% confidence and five with 95% confidence (Fig. 2) . Based on social groups where all cubs were assigned a mother, the modal number of mothers per social group was one, and the mean 2.0 (n = 39). If we include social groups where some cubs were not assigned a mother, which may underestimate the number of breeding females, the modal number of mothers was one and the mean 2.4 (n = 93) (95% confidence, mode = 1, mean = 1.78, n = 78) (Fig. 2) . The mean number of cubs assigned to a male within a year (ignoring males not assigned paternity) was 1.4 (SD = 0.9) and ranged from one to seven (1.3 with 95% confidence, SD = 0.7, range 1 -4). Data was available on paternity for 83 social group years with 80% confidence, 44 social group years with 95% confidence. The modal number of fathers per social group was one and the mean was 2.0 (95% confidence, mode = 1, mean = 1.2). The maximum number of males thought to be fathering cubs in a social group was seven with 80% confidence and four with 95% confidence. If we consider the strategies of males that gained more than one cub in a given year, we find that, with 80% confidence, 11 males sired all offspring in other groups, 10 sired all offspring within their own social group and 12 had a mixed strategy. While the sample size was much lower, these proportions were similar when we considered results with 95% confidence (three internal, four external and four mixed).
Number of breeders in the population
If we assume that the number of breeding females determined through maternity assignments can be used to estimate the total number of breeding females in the population, on average 29% (range 15%−50%) of the candidate female population reproduced in a given year ( Table 2) . If we consider only candidate males from the 10 social groups studied then the mean number of breeders was similar to that for females (31%; range 12% −49%; Table 2 ). The proportion of male breeders is reduced to about half this if we consider the candidate pool to derive from the surrounding 26 social groups ( Table 2 ). It is likely that the true proportion of male breeders lies somewhere between these two values. 
Age structure
There was a significant influence of age on the mean number of cubs produced by males (GLM P = 0.001; GLMM P < 0.001) and females (GLM P = 0.004; GLMM P = 0.02) (Table 3, Fig. 3 ). This appeared to be resulting from a deficit in the number of cubs produced by 2-year-old individuals and, to a lesser extent, by animals of 9 years and older. It is possible that the use of the three year rule may have lead to a different age structure among candidates in comparison to the actual population, particularly in the 2-year and older age classes which are likely to experience increased mortality. However, the proportion of individuals whose fate was known did not differ greatly among age classes 2-5, 6-8 and above 8, suggesting that this bias may be small. A further point is that many 2-year-old males were assigned in the second round, where paternity was assigned first, followed by maternity (16 from first round, 9% of total; six from second round, 27% of total). This may have erroneously inflated our estimate of 2-year-old male paternity.
Mating dispersal
Of the 199 that were cubs assigned both parents, 108 were assigned to a male from a different social group (54%,45% with 95% confidence; Table 4 ). If we consider only individuals who were trapped in the year of conception, our results are similar (53% with 80% confidence; 54% with 95% confidence; Table 4 ). The majority of the extra-group paternities were by males from a neighbouring social group (67% of extra-group paternities; 36% of all paternity), with a few taking place over greater distances (18% of all The expected numbers of parents (E Mothers ; E Fathers ) is an estimate for all known cubs (All cubs), extrapolated from the number of parents assigned to cubs in the Maternity and Paternity columns. The number of female candidates (Females 10sg) is based on the biological rules used to determine potentially reproductive individuals in the population. The percentage breeding, for both males and females, is then the expected number of breeding females in relation to the number of candidates. For males, candidates from 10 social groups (10sg) as well as 26 social groups (26sg) are shown, as cubs were only genotyped from 10 groups, but paternity was allowed from 26 social groups. Reproductive adults were defined using biological rules (See Methods). The male mean is based on 202 cubs, the female average on 307 cubs. Probability values are for a Generalized Linear Model, with the number of cubs as a function of age (GLM) and for a Generalized Linear Mixed Model, where 'individual' was included as a random effect (GLMM).
paternity) (Figs 1 and 4) . The mean distance between an assigned father and mother, based on the distance between the main setts of the fathers' and the mothers' social groups, was 417 m (SD 556 m). If we consider extra-group paternity only, the mean dispersal distance was 769 m (SD 546 m). These distances might have been lower had residence in outlying setts been able to be taken into consideration, but the number of social boundaries crossed would remain the same. The mean distance between neighbouring social group main setts was 570 m. The greatest inferred mating dispersal distance was 3.2 km. This was to a 1-year-old male and may represent assignment to a sibling rather than an offspring, however, the two badgers did not share the same natal group. The next greatest distance was 2.4 km. In 188 cases the natal social group of both parents of a cub was known. Of these, only a small proportion (42 = 22%) of matings occurred between individuals born in the same social group.
Discussion
Determining the mating system of badgers in a highdensity population was made challenging by a number of *N obs is the number of times the observation was recorded; †N being the total sample size; ‡Extra-group paternity of trapped only individuals represents a subset of the data in which individuals were caught in the year of conception, rather than having their location inferred; §Boundaries refer to territorial boundaries as determined through bait marking.
Fig. 3
The age distribution of (a) female and (b) male badgers who obtained parentage. The x-axis represents the age of the breeding individual in years, based on the year in which the cubs' birth occurred. The dots indicate the number of candidates in each age category, adjusted to match the number of parentage assignments. Individual breeders are included more than once. Data shown represent assignments with greater than 80% confidence in the presence of a relative.
Fig. 4
The number of social group boundaries that a male or female badger must have travelled across to obtain paternity based on the distance of the known father's social group from that of the mother (n = 199). Black bars represent assignments with greater than 95% confidence, grey bars assignments with greater than 80% confidence in the presence of a relative. The 10 social group main setts were on average 570 m apart. The first column represents fathers from the same social group.
factors. Neither parent was known a priori, and there were a large number of candidate parents (Rogers et al. 1997) .
There was also the likelihood that the candidates included a relative of the true parent or offspring, and a full-sibling would on average have a higher likelihood of parentage than the true mother if neither parent were known (Thompson 1976a; Thompson 1976b ). To improve our success, we assumed that yearling females do not have cubs (Ahnlund 1980; Cresswell et al. 1992) and that mothers were resident in the social group in which the cub was first trapped. Using these rules, we achieved an overall rate of parentage assignment of 47%, although this will include errors as a result of our chosen level of confidence and possible inaccuracies in our simulation parameters. This rate of parentage assignment is similar to other studies of parentage where neither parent was known (e.g. 32% in a population of kangaroo rats; Winters & Waser 2003) . This paper represents the largest analysis of maternity and paternity in a badger population to date, and provides a significant advance in our understanding of the mating system of the Eurasian badger. This is the first paper to provide evidence that multiple paternity occurs within litters. The number of female breeders per social group and the proportion of females breeding had previously been estimated from lactation data (e.g. Cresswell et al. 1992; Rogers et al. 1997) , and for a few groups from genetic data (Domingo-Roura et al. 2003) . This paper extends these observations across many social group years, and this is the first time that such estimates have been possible for males. Some influence of age on the reproductive success of females was known previously (Cresswell et al. 1992; Rogers et al. 1997) , but this is the first time such effects have been shown in males. Extragroup paternity has been previously reported (Evans et al. 1989; da Silva et al. 1994; Domingo-Roura et al. 2003) , but that it comprised as much as 50% of matings was unknown.
Age structure and the number of breeders
Previous studies of high-density badger populations have shown that a large proportion of females may not reproduce in a given year (70% Cresswell et al. 1992 ; 58%−92%; Rogers et al. 1997) , and that females compete for reproductive status . Genetic studies have shown that at least three females can reproduce in a social group (da Silva et al. 1994; Domingo-Roura et al. 2003) . Field studies relying on teat morphology and sonograms have concluded that up to four females may breed in a social group (Cheeseman et al. 1987) , but that the average in southern England is between two and three Rogers et al. 1997) . Our results support these earlier studies, showing that at least five females may breed in a social group, the modal number being one and the mean between two and three. Our results are similar for the number of male breeders within a social group. Our estimate of the proportion of females breeding in any given year (29%; range 15% −50%) agrees with the estimate for this population based on lactation data (10%−48%; Rogers et al. 1997) , and supports the idea that there are considerable reproductive costs to group-living for females. This study is the first to estimate the amount of reproductive skew among badger males, and shows a similar range to that of females (Table 3 ). The level of reproductive skew may decrease if lifetime reproductive success is considered, but even so, this yearly reproductive cost to both males and females must play an important role in the decision process of whether to disperse (Hatchwell & Komdeur 2000) .
While the modal number of breeders within each social group in a given year is one, the mean is higher. Reproductive skew does not seem as extreme in badgers as in some other social mammals (Solomon & French 1997 , e.g. meerkats, Griffin et al. 2003 alpine marmots, Hacklander et al. 2003) . This may be because the costs are small, breeding incentives are required or because dominants have limited control over the breeding of subordinates (Clutton-Brock et al. 2001b ). The banded mongoose forms an egalitarian society where reproductive skew is low and there appears to be little evidence for the suppression of subdominants (De Luca & Ginsberg 2001) . However, in this species, dispersal remains a viable option, making the enforcement of dominance hierarchies difficult (Emlen 1995; De Luca & Ginsberg 2001) . Further investigation into the conditions in which more than one female badger breeds in a social group should bring greater insights into whether low reproductive skew in some badger social groups results through low costs, optimal skew or through an inability of dominants to suppress subordinates.
Previous studies have suggested that, in badgers, female reproductive success will be related to body condition in difficult years, and social status, as measured by the size of an exclusive home range within the social group territory, rather than age, in good years . However, other studies have found that the proportion of females reproducing did differ among age-classes (Cresswell et al. 1992; Rogers et al. 1997) . If the conditions for reproductive success vary with the environment, we would expect the number of breeders to vary across years, and that age may not remain a significant factor across years (assuming variable ecological conditions). In our study, both males and females showed a trend for 2-yearold badgers and those older than 8 years to be assigned parentage less often than other age categories. Despite likely variation in reproductive success dependant on environmental conditions, our results suggest that age is an important factor in reproductive success at our study site, for both males and females. This paper has focused on annual reproductive success, yet clearly badgers remain reproductive for several years.
A more detailed study of lifetime reproductive success, the relative age of females that reproduce in a social group, whether females queue to obtain reproductive success at a later stage and how this affects dispersal, will be the subject of future research.
Mating dispersal
While it had previously been demonstrated that extragroup matings take place (Evans et al. 1989) , the extent of extra-group mating and the distances over which this occurs was unknown. Extra-group matings occurred mostly between neighbouring social groups, although a reasonable proportion (18%) was assigned over greater distances, as much as 3.2 km. This dispersal across six social group boundaries was observed only twice (Fig. 4) . One male assigned paternity at this distance was only 1 year of age when inseminating the female, and it is possible that this represents assignment to a sibling rather than the true father. However, this type of error will generally lead to an underestimate of dispersal, rather than an overestimate, because of the prevalence of delayed dispersal by badgers (Kruuk & Parish 1982; Cheeseman et al. 1987; Rogers et al. 1998) . It is also possible that both assignments resulted through error, based on our use of 80% confidence, however, it is worth noting that our sample size, at 95% confidence, was too small to detect such a low rate of long distance dispersal. A further limitation, as in all studies of dispersal, is the restricted area over which the study was conducted, which is again likely to lead to an underestimate of gene flow.
Previous studies of badger movement have described visits between social groups, with both males and females visiting or moving permanently Rogers et al. 1998; Tuyttens et al. 2000) . While the frequency of adult movement was found to be high throughout their lifespan (50% of adults had moved in their known lifetime, Rogers et al. 1998) , within-year movements were less common. Our results suggest that the visiting of other setts may be even more frequent than has been revealed by mark-recapture data. As badger trapping takes place only near setts, markrecapture data does not record movements between social groups that do not result in visits to setts (especially main setts). Indeed, males seeking extra-group matings might encounter less opposition if they were able to approach females away from the males resident in her own sett.
A similar result was observed in a population of bannertailed kangaroo rats, where 'gamete dispersal' was greater than natal dispersal (Winters & Waser 2003) and contributed to increasing genetic neighbourhood size. In a study of chimpanzees, the observed social groups did not represent exclusive reproductive units, with roughly half of matings occurring outside the group (Gagneux et al. 1999) .
In this case, extra-group mating was thought to provide females with a greater choice of mates. The high rate of extra-group paternity observed in badgers suggests that within group relatedness might be low, as has been shown for spotted hyenas (Van Horn et al. 2004 ). However, low levels of relatedness do not necessarily restrict kin selection for group formation (Rousset 2004) . The relevance of kin selection will depend on the relative costs and benefits of group formation. Unlike slender meerkats who experience both large benefits (Clutton-Brock et al. 2001c ) and large costs from group living (Clutton-Brock et al. 1998) , with relatedness playing little part (Clutton-Brock et al. 2001a) . Badgers, as suggested by Woodroffe & Macdonald (2000) , appear experience low-costs and low-benefits from group living. While it appears unlikely that kin selection will be an important factor in the evolution of group formation in the badger, it is still a possibility worth further investigation. Finally, the level of extra-group mating recorded in the present study will undoubtedly reduce inbreeding within social groups, making delayed dispersal a less disadvantageous strategy than might have been expected if inbreeding depression occurs (but see Duarte et al. 2003) .
That there is a much higher rate of contact among social groups than previously thought may also have implications for the spread of bovine tuberculosis. Previous models of Mycobacterium bovis infection in badgers and cattle have shown that if culling leads to social perturbation that increases contact rates, it is possible there would be a significant increase in the prevalence of the disease (Swinton et al. 1997; Smith 2001 ). Studies to date at Woodchester Park have shown M. bovis to remain localized within the badger population (Cheeseman et al. 1988; Delahay et al. 2001) , suggesting that mating between social groups has not encouraged the disease to spread. Nevertheless, this potentially high contact rate among undisturbed social groups should be considered when interpreting the effects of culling on the spread of bovine tuberculosis in badgers (Donnelly et al. 2003) .
